ABSTRACT The driving conditions of vehicles, such as rapid acceleration, lasting downhill and so on, which demand for drive power, are rapidly increasing. For an electric vehicle driven by in-wheel motor (IWM), the IWM needs to provide greater power to maintain the normal operation of the vehicle. At present, the pursuit of high power density for IWM reduces the volume of motor under the same power. But the loss density is increased correspondingly, which will lead to overheating of IWM. In this paper, a 15-kW IWM drive system is taken as the research object. Based on the establishment of the temperature analysis model, instantaneous thermal characteristics of the IWM drive system are analyzed under the long climbing condition with low-speed and rapid acceleration driving cycles. The results show that the temperature of the stator winding and stator core is relatively high under the two driving cycles. The temperature of the stator winding is always in the highest level, and the maximum all appear on the end winding. The highest temperature of the end winding can reach 229.49 • C under the rapid acceleration driving cycles, which significantly exceeds the limitation for the insulation (155 • C) and will seriously affect the normal operation of the IWM and the vehicle. Therefore, in the follow-up design of cooling system, spray cooling with good local cooling effect can be adopted to focus on the cooling for the end winding. This paper can provide theory for the design of the feasibility thermal cooling solution.
I. INTRODUCTION
The IWM is integrated in the wheel, and the working condition is even worse [1] , [2] . The pursuit of high power density for the IWM drive system makes the motor volume smaller under the same power. Although the motor power density is increased, its loss density is also increased accordingly, which will lead to overheating of the IWM. If the large amount of heat cannot be dissipated in time, it will not only damage the winding insulation and reduce the IWM life, but also cause demagnetization of the permanent magnet and seriously affect the safety of vehicle. The study on the heating problems of the IWM drive system is significant for cooling design and vehicle safe [3] , [4] .
Although the development of IWM drive system is still in its infancy, the above problem has already caused widespread attention and is considered as one of the technical difficulties that the development of IWM drive EV must overcome. In [5] , heat source and temperature distribution of an outer rotor permanent magnet synchronous IWM is studied based on the electromagnetic-temperature coupling model. In [6] , an effective and simplified method for the calculation of the heat transfer coefficients of the IWM is proposed, and the various losses and temperature fields of the IWM used in micro-EV are calculated in detail. Kral et al. [7] point out that the thermal parameters method can reduce the computation, but this method cannot determine the actual temperature distribution of the IWM well. In [8] , the equivalent thermal circuit method is adopted to calculate the temperature field of the IWM. In [9] , the finite element method is used to calculate the temperature field of the IWM, and the influence of stator yoke height, the heat transfer coefficient of air gap on the temperature is analyzed quantitatively. In [10] , an equivalent thermal conductivity calculation method and a heat circuit equivalent treatment method are proposed to improve the accuracy of the traditional temperature field calculation model. In [11] , the influence of different heat source loading method on the accurate prediction of the IWM temperature distribution is studied, and an accurate temperature field simulation method based on the loss distributed loading is proposed. In [12] - [14] , the temperature field of the drive motor is studied, but the analysis is carried out on a motor research platform, and is not considered the driving conditions of vehicles. In the present study, some fruitful work about the IWM heat problem is carried out by scholars. However, most of the studies focus on the IWM only, and fewer studies consider the special structure of the IWM drive system and its specific driving conditions, so the engineering application value of the research conclusion is weakened. This is exactly the problem to be considered in this paper.
Based on this, a 15kW IWM drive system is taken as the research object in this paper. Then, the temperature field analysis model is established, the heat source and related parameters are determined. Finally, the instantaneous thermal characteristics of the IWM drive system are analyzed under the climbing condition with low-speed and long slope and rapid acceleration driving cycles. This paper provides the theoretical basis for the cooling system design.
II. THE IWM DRIVE SYSTEM A. BASIC STRUCTURE OF THE IWM DRIVE SYSTEM
The basic structure of the IWM drive system is shown in Fig. 1 . The IWM has an inner rotor and an outer stator, and the rotor connects the rim to drive the vehicle directly.
B. IWM STRUCTURE AND PARAMETERS
In this paper, The IWM adopts interior permanent magnet synchronous motor. The basic performance parameters of IWM are shown in Table 1 .
The basic IWM structure and structural parameters are shown in Fig. 2 and Table 2 , relatively.
III. DEVELOPMENT OF THE TEMPERATURE FIELD ANALYSIS MODEL
The operation of the motor is a process of converting electric energy into mechanical energy. In this process, the motor will inevitably generate losses and produce heat, which makes the IWM temperature increase. To analyze the temperature field characteristics more accurately, it is necessary to calculate the loss of each part of the IWM accurately.
A. DETERMINATION OF HEAT SOURCE
The losses of the motor mainly include copper loss of winding, core loss of iron, eddy loss of permanent magnet, mechanical loss and stray loss. In generally, the mechanical loss and stray loss are relatively small, therefore, they are ignored in this paper [15] .
1) COPPER LOSS
When the current flows through the winding, loss is generated by the winding copper due to the existence of the winding resistance. For the permanent magnet synchronous motor, the current applied to each phase winding and their resistances are the same, and the copper loss of the winding can be calculated by [16] :
where, I is the current in the winding; R is the resistance of the winding at the reference working temperature.
2) CORE LOSS
According to the Bertotti theory, core loss can be classified as: hysteresis loss, eddy current loss and additional loss. Additional loss can be neglected. Core loss calculation formula is as follows [14] P Fe = P h + P e (2)
where, P he is the core loss; P h is the hysteresis loss of iron core; P e is the eddy loss of iron core; K h and K e are the coefficient of the hysteresis loss and eddy loss, relatively; B m is the amplitude of the flux density; f the is magnetic field frequency; α is the empirical coefficient, and the general value is 2.
3) EDDY CURRENT LOSS OF PERMANENT MAGNET
In addition to influencing the core loss, the change of the magnetic field density in the motor can cause eddy current in the permanent magnet, resulting in the generation of the eddy current loss. Eddy current loss of permanent magnets can be calculated by [17] :
where, E is the electric field intensity of the eddy current; J is eddy current density; σ is the conductivity of the permanent magnet; ρ is the resistivity of the permanent magnet; V is the volume of the permanent magnet, ρ = 1 / σ .
B. DEVELOPMENT OF THE TEMPERATURE FIELD ANALYSIS MODEL
On the premise of ensuring the accuracy of calculation results, the following assumptions are made to simplify the analysis process in the temperature field modeling and calculation: 1) Compared to the copper loss and core loss, the mechanical loss and stray loss are small, and they are ignored in the calculation.
2) The change of heat transfer coefficient and heat conduction coefficient with temperature is not taken into account.
3) It is considered that the air inside the motor is an isothermal body. 4) Assuming that the temperature field of the IWM is not affected by radiation heat dissipation. 5) The influence of polar arc coefficient on temperature field of the IWM is not considered. Since the IWM model has circumferential symmetry, 1/4 IWM model is adopted to analyze in this paper. Fig. 3 shows the temperature field analysis model of the IWM drive system. According to the actual structure and working condition of the IWM, boundary conditions are applied to the model as follows: 1) Due to the circumferential symmetry, the central sections of the housing, the left and right end covers, the stator and rotor core, the air gap and the rotor bracket are set as the adiabatic surface to apply the second type of adiabatic boundary conditions. 2) A third type of convective heat transfer boundary condition is applied to the outer surface of the housing and the outer surface of the left and right end covers.
C. DETERMINATION OF TEMPERATURE FIELD CALCULATION PARAMETERS 1) CALCULATION OF HEAT GENERATION RATE
Heat source need to be applied to model to calculate the temperature field. Here, the heat source is the heat generation rate. And it can be obtained by:
where, q is the heat generation per unit volume; p loss is the loss of each part of the IWM, which can be calculated by Equation (1)- (5); v is the effective volume of each part of the IWM.
2) DETERMINATION OF THERMAL CONDUCTIVITY a: THE EQUIVALENT THERMAL CONDUCTIVITY OF THE CORE LAMINATIONS
In this paper, the stator and rotor iron core is composed of multi-layer silicon steel sheet which is laminated along the axial direction of the motor, and each layer is coated with insulating paint. Compared with the thermal conductivity of silicon steel sheet, the thermal conductivity of insulating paint is very small, so it is inevitable that the axial thermal conductivity of the stator and rotor iron core lamination is far less than the radial thermal conductivity. Therefore, the axial heat transfer of the iron core sheet can be regarded as the multi-layer flat wall series heat conduction of silicon steel sheet, while the circumferential and radial heat transfer can be regarded as multi-layer flat wall parallel heat conduction of silicon steel sheet. Schematic diagram of two kinds of thermal conditions shown in Fig. 4 [18] : In Figure 4 , δ i is the length of the insulating medium; λ i is the thermal conductivity of the conductor; q i is the heat flux; T i is the temperature of the boundary surface
Based on the theory of heat transfer, the equivalent thermal conductivity λ Tz of the iron core sheet as shown in Figure 4 (a) can be obtained as [18] :
where, δ Fe is the core stack thickness; λ 1 is the thermal conductivity of the silicon steel sheet; δ 0 is the net length of the insulating medium; λ 0 for the thermal conductivity of insulation medium, λ 0 = 0.3; K Fe is the core lamination factor, K Fe = 0.95. As shown in Fig 4 (b) , the equivalent thermal conductivities λ Tx and λ Ty in the radial and circumferential directions of rotor core sheet are [18] :
From Equation (7) and (8), we can see that the performance of silicon steel sheet determines the radial and circumferential thermal conductivity of the iron core sheet, while the axial thermal conductivity is determined by the insulating medium.
b: THE EQUIVALENT THERMAL CONDUCTIVITY OF STATOR SLOTS
In this paper, the stator winding is a double-layer winding, which is surrounded by many copper wires of the diameter of only 0.58mm and the surface is coated with an insulating layer. Before analyzing the thermal conductivity of the stator slot equivalent model and calculating the relevant thermal conductivity, some assumptions and simplifications are made: (a) The windings are arranged in a uniform manner, ignoring the temperature difference, and taking the temperature of the center section of each wire as the same; (b) The paint thickness of copper wire is even, and the windings impregnating paint is filled completely; (c) As the thermal conductivity of the wire is much larger than the thermal conductivity of the insulating material, ignoring the thermal resistance of the wire itself; (d) the temperature between the wire and the insulation layer is a linear change. Under this assumptions, the equivalent thermal conductivity of the insulating material in the stator slot is obtained by [18] :
where, δ i is the thickness of each thermal conductor; λ i is the thermal conductivity of each thermal conductor. Based on the assumptions, all conductors in the slot will be considered as a thermal conductor and the rest of the insulation is as another thermal conductor with a uniform thickness around the wire. Fig 5 is the equivalent stator slot diagram.
c: CALCULATION OF EQUIVALENT THERMAL CONDUCTIVITY OF AIR GAP
The equivalent thermal conductivity method is adopted in this paper to calculate the thermal conductivity of air gap.
First, assuming that the inner surface of the stator and the outer surface of the rotor are smooth cylindrical surfaces, the Reynolds number in the air gap can be expressed as [19] :
where, ω ϕ1 is the rotor peripheral speed, ω ϕ1 = 2πnr 0 /60; n is the rotor speed; r 0 is the outer diameter of the rotor; δ is the length of the air gap, δ = R i − r 0 ; R i is the inner diameter of the stator; v is the kinematic viscosity of the air.
The expression of critical Reynolds number is:
a) When Re < Re cr , the air flow in the air gap is laminar, and the effective thermal conductivity λ eff is equal to the thermal conductivity λ air of the air. b) When Re > Re cr , the air flow in the air gap is turbulent. In this state, the effective thermal conductivity of the air gap can be calculated by: (12) where, η = r 0 /R i . http://www.ieee.org/publications_standards/publications/rights/index.html for more information. This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. According to Equation (10) and (11), the air gap Reynolds number is 758.06 and the critical Reynolds number is 475.74, so the air flow in the air gap is turbulent. Through the Equation (12) , finally the effective thermal conductivity λ eff is 0.0755.
Thus, the material properties and heat conductivity of the IWM components are as shown in Table 3 .
3) CALCULATION OF SURFACE HEAT DISSIPATION COEFFICIENT
When external air comes into contact with the housing surface and a certain temperature difference exists between the two, heat transfer will be generated. This process is called the convection heat dissipation between the external air and the housing surface. Assuming that the temperature of the outer surface of the house is defined as the initial temperature and is the same as the temperature of the outer space, so the heat transfer coefficient of the house and the cover surface can be calculated as follows [20] :
where, α 0 is 14, that is the heat transfer coefficient of the heat surface in the air; k is 0.5, that is the coefficient of airflow blowing efficiency; v is the speed of air blowing on the outer surface; θ is the temperature outside the house wall, θ = 22 • C.
IV. TEMPERATURE FIELD CHARACTERISTICS OF IWM DRIVE SYSTEM BASED ON DRIVING CYCLES
Vehicle operating conditions mainly include slow acceleration, rapid acceleration, constant speed cruise and deceleration. Especially in the cases of rapid acceleration, lasting downhill and so on, which the demand for drive power is rapidly increased. It means that the IWM needs to provide a large amount of power to maintain the normal operation of the vehicle. At present, the pursuit of high power density for IWM reduces the volume of motor under the same power. Although the motor power density is increased, its loss density is also increased correspondingly, which will lead to overheating of IWM. Therefore, the instantaneous thermal characteristics of the IWM drive system are analyzed under the long climbing condition with low-speed and rapid acceleration driving cycles in this section. When the vehicle is driving, the required power to be provided can be obtained by [21] :
where, m is the mass of vehicle; f is the coefficient of rolling resistance; C D is the coefficient of air resistance; A is the frontal area; v is the vehicle speed; δ is the correction coefficient of rotating mass.
A. BASIC PARAMETERS OF VEHICLE
The basic parameters of the IWM drive vehicle are shown in Table 4 .
B. TEMPERATURE FIELD ANALYSIS UNDER THE LONG CLIMBING CONDITION WITH LOW-SPEED 1) CONDITION SETTING AND HEAT SOURCE CALCULATION
In the course of driving, the vehicle will inevitably encounter the situation of climbing the slope. To meet the power demands of the vehicle, the IWM is required to provide a large torque, which will lead to increased motor loss and higher temperature rise. The driving cycle is set as: the vehicle runs at a constant speed under rated conditions for 1 hour, then the vehicle starts to climb the long slope (the angle is 20•, the length is 1Km) at 20Km/h. On the basis of this, it is assumed that the vehicle will complete two above driving cycles. Under this driving cycle, the required power of the vehicle can be obtained according to Equation (14) . At the same time, Equation (1) - (5) can be used to calculate the loss of each component of the IWM, as shown in Fig 6. And the magnetic hysteresis loss and eddy-current loss of cores under the long climbing condition with low-speed show in Fig 7. The heat generation rate can be calculated by Equation (6) , as shown in Fig 8. 
2) ANALYSIS OF TRANSIENT TEMPERATURE FIELD CHARACTERISTICS
The heat source and corresponding boundary conditions are applied to the model of IWM drive system. Then the transient thermal performance is analyzed. The temperature field distribution of the IWM drive system and the temperature curves of each component under the long climbing condition with low speed are shown in Fig. 9 and 10 .
As can be seen from Fig. 9 and 10, when the vehicle finishes the driving cycle, the temperature of stator winding, stator iron core and housing is relatively high in all components of IWM drive system. The stator winding has the highest temperature and the highest temperature occurs at the end of the winding, and the maximum value is 133.59 • C. Due to the middle part of the stator winding is in contact with the stator core, the heat can be transferred out better, so the temperature is relatively lower.
In the course of driving, the temperature of each component increases with the increase of driving time, and gradually becomes stable. However, under the downhill road segment, the temperature of the stator winding, stator iron core and housing increases rapidly. This is because larger torque is provided by the IWM to meet power requirements for the normal operation of the vehicle, which causes a large amount of losses and results in a rapidly increase in the temperature of the above components.
Under this driving cycle, the temperature of the IWM drive system can meet the requirement of insulation level (155 • C).
C. TEMPERATURE FIELD ANALYSIS UNDER RAPID ACCELERATION DRIVING CYCLES 1) CONDITION SETTING AND HEAT SOURCE CALCULATION
Under rated condition, the vehicle can make the power performance of the IWM better. However, the vehicle is not always under the rated conditions. The actual driving conditions of vehicles are complex and changeable, especially in the cases of high speed and high power condition, more loss will be generated and the temperature of the IWM will rise rapidly. In this section, the above road condition is abstracted as a cyclic driving cycle with alternating rated and peak operating conditions. The rated operating condition here corresponds to the rated power of the IWM of 15 kW, while the peak operating condition corresponds to the peak motor power of 54 kW. The specific driving cycle (4 cycles) is shown in Fig. 11 .
Under this driving cycle, the required power of the vehicle can be obtained according to Equation (14) . Equation (1) - (5) can be used to calculate the loss of each component of the IWM, as shown in Fig 12. And the magnetic hysteresis loss and eddy-current loss of cores under the rapid acceleration driving cycles show in Fig 13. The heat generation rate can be calculated by Equation (6) , as shown in Fig 14 . 
2) ANALYSIS OF TRANSIENT TEMPERATURE FIELD CHARACTERISTICS
The heat source and corresponding boundary conditions are applied to the model to calculate. Then the temperature field distribution of the IWM drive system after the driving cycle is shown in Fig 15. As can be seen from Fig. 15 , when the vehicle finishes the cyclic operating condition (4 cycles), the stator winding has the highest temperature and the highest temperature still VOLUME 7, 2019 http://www.ieee.org/publications_standards/publications/rights/index.html for more information. This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. occurs at the end of the winding, and the maximum value is 229.49 • C. The highest temperature is far beyond the limitation of insulation level (155 • C), which will affect the safe operation of the IWM and vehicle. In addition, the temperature of stator also goes beyond the limitation temperature of insulation level (155 • C) after 4 cycles. To ensure the safe operation, the design of cooling system must be carried out in the following study. Fig.16 shows the temperature curves of each component under the cyclic driving condition.
As can be seen from Fig. 16: 1 ) Overall, the temperature of each component of the IWM increases with the running time. And the temperature of the winding coil, stator iron core and housing increases dramatically under the road segment of peak operating condition. This is because that high power is required to meet the normal operating of the vehicle, which inevitably generates a large amount of loss and increases the temperature of the components. 2) The vehicle keeps operating 1800s under the rated condition, if the vehicle runs under the peak condition continuously, the temperature of the IWM drive system may exceed the limitation of insulation level requirements, even if the time is very short. This will seriously affect the safety of the IWM and vehicle. Therefore, in the design of IWM drive system, the thermal characteristics of the system should be analyzed and the cooling design should be carried out in combination with the actual vehicle extreme condition such as the above cyclic driving condition.
V. CONCLUSION
In this paper, thermal characteristics of a 15kW IWM drive system are analyzed under the long climbing condition with low-speed and rapidly acceleration driving cycles. Based on the study, some useful conclusions are obtained:
(1) Under the long climbing drive cycle, the IWM needs to operate at low speed with high torque. This driving cycle makes the loss of IWM increase, and leads to temperature rise of all components. But the highest temperature (133.59 • C) is still within the limited temperature of insulation (155 • C). While under the rapid acceleration condition, after four cycles, the highest temperature can reach 229.49 • C, which will affect the safe operation of the IWM and vehicle. Therefore, it is necessary to design a high efficiency cooling system.
(2) Under the two kinds of driving conditions, the temperature of stator winding and stator core is relatively high, but the temperature of stator core does not exceed the insulation level. The stator winding always has the highest temperature and the maximum (229.49 • C) occurs at the end winding. However, due to the middle part of winding is in contact with the stator core, the heat can be transferred out better, so the temperature is relatively lower. Therefore, it is necessary to focus on the cooling of the end winding in the design of the cooling system. Limited to the structure and actual working environment, it is difficult to realize the internal forced air cooling, and the natural air cooling cannot achieve the cooling effect. For the liquid cooling systems, the cooling channel is generally designed in the stator core or the housing, and the cooling effect for end winding is very limited. Therefore, it is recommended to adopt spray cooling method, and design oil channel and spray device in stator core or the housing. This structure can directly spray cooling liquid on the end winding and achieve better effect of heat dissipation.
(3) The temperature of the IWM driving system is closely related to the drive cycle of vehicle. Therefore, to prevent the temperature of IWM drive system is far beyond the limitation of insulation level requirement and affects the safety of the vehicle, the analysis of thermal characteristics and the design of cooling systems should be combined with the actual driving cycles of vehicle, especially the limit driving cycles for high power requirements.
This study can provide theory for the design of the feasibility thermal cooling solution. 
